The Hfq RNA chaperone is a ubiquitous protein found in the majority of sequenced bacterial species. It was first identified as a bacterial host factor required for bacteriophage Qβ RNA replication in *Escherichia coli* ([@b6-ppj-34-412]). Hfq plays several roles, such as binding bacterial small RNA (sRNA) and messenger RNA (mRNAs), and facilitating RNA-RNA interactions ([@b13-ppj-34-412]). Moreover, it has been reported that Hfq can influence polyadenylation of mRNAs and act independently as a regulator of gene expression ([@b48-ppj-34-412]). In addition to RNAs binding, Hfq regulates the expression of various bacterial genes at the post-transcriptional level, and directly or indirectly affects a number of proteins and controls the ribo-regulation of the expression of multiple genes ([@b22-ppj-34-412]; [@b24-ppj-34-412]).

A number of bacterial species, such as *Staphylococcus aureus* and *Bacillus subtilus,* have only one *hfq* gene, while some species, such as *Burkholderia* spp. and *Novosphingobium aromaticivorans* have two *hfq* genes ([@b45-ppj-34-412]). In *Bacillus anthracis*, three *hfq* gene sequences were identified, and their functional properties were investigated ([@b28-ppj-34-412]). The construction of an *E. coli* mutant by *hfq* insertion mutations demonstrated the importance of Hfq. The mutant exhibited pleiotropic phenotypic changes, including reduced growth rates, altered cellular morphology, and improved cellular sensitivity to stress ([@b47-ppj-34-412]). Furthermore, Hfq in *E. coli* was shown to be an essential element in the translation of *RpoS*, which encodes the σ~S~ subunit of the RNA polymerase, the master regulator for many stress-regulated genes ([@b25-ppj-34-412]). Hfq was also found to contribute greatly to the translational regulation of several other mRNAs, by assisting sRNA binding ([@b50-ppj-34-412]).

Following the study of the null *hfq* mutant in *E. coli*, the functional regulatory roles of Hfq in several other bacterial species have been studied ([@b4-ppj-34-412]). Hfq was found to regulate genes encoding diverse traits, due to its nature as a multifunctional global sRNA chaperone. Traits such as protein composition of the cell membrane, tolerance to different forms of cellular stress, motility, and the metabolism of various nutrients, have been found to be regulated by Hfq ([@b4-ppj-34-412]). Moreover, Hfq has also been found to be responsible for the regulation of virulence in several animal-pathogenic bacterial species such as *Vibrio cholerae*, *Yersinia pestis*, and *Pseudomonas aeruginosa* ([@b7-ppj-34-412]; [@b10-ppj-34-412]; [@b41-ppj-34-412]). In *Burkholderia cepacia*, the *hfq* mutant is more susceptible than the wild type to stress conditions resembling those found during infection, and exhibits reduced motility, extra polysaccharide production and host colonization ability. Such results suggest that Hfq plays a major role in the increased virulence of *B. cepacia* ([@b44-ppj-34-412]). Although numerous studies have been conducted on the roles of Hfq in animal pathogenic bacteria, only few of them have described its roles in plantpathogenic species. In *Agrobacterium tumefaciens*, Hfq influences the sRNA AbcR1 and its corresponding mRNA target; an *hfq* mutant was reported to overproduce around eight proteins, and to exhibit altered cell morphology and reduced growth, motility and virulence ([@b49-ppj-34-412]). Similarly, Hfq was found to regulate the virulence of the fire blight pathogen *Erwinia amylovora* ([@b51-ppj-34-412]).

*Burkholderia glumae* is a bacterial pathogen of rice that causes panicle blight on infected plants. It was first reported in Japan causing seedling, sheath, and grain rot ([@b11-ppj-34-412]; [@b12-ppj-34-412]). Since then, *B. glumae* has been described in several other regions including East Asia, Latin America, and the USA ([@b15-ppj-34-412]; [@b26-ppj-34-412], [@b27-ppj-34-412]; [@b46-ppj-34-412]). The disease is considered a potentially major threat to rice cultivation worldwide ([@b14-ppj-34-412]). *B. glumae* has been reported to produce toxoflavin, which is essential for its virulence and highly toxic to plant cells ([@b35-ppj-34-412]). The seedborne nature of the pathogen and its effect of grain weight reduction, floret sterility, and seed germination inhibition may cause up to 75% yield loss in heavily infested fields ([@b46-ppj-34-412]). Understanding the factors contributing to the pathogenicity and virulence of *B. glumae* might be useful to facilitate the development of efficient control measures against this devastating pathogen. To our knowledge, no previous studies have investigated the roles of *hfq* genes in *B. glumae*. Therefore, this study aimed to elucidate the roles of two *hfq* genes on *B. glumae* through the construction of *hfq* mutants of *B. glumae* BGR1, and to investigate the phenotypic characteristics related to virulence, stress tolerance and other biochemical activities.

Materials and Methods
=====================

Bacterial strains, plasmids, and culture conditions
---------------------------------------------------

The bacterial strains and plasmids used in this study are listed in [Table 1](#t1-ppj-34-412){ref-type="table"}. To prepare the bacterial cultures, strains were grown on Luria-Bertani (LB) agar plates; for liquid cultures, single colonies from the pure cultures on agar plates were transferred to LB broth and incubated in a shaking incubator at 200 rpm at 37°C. Culture media were supplemented with antibiotics (rifampicin, 50 μg/ml; kanamycin, 30 or 50 μg/ml; tetracycline, 10 μg/ml; ampicillin, 100 μg/ml), when necessary.

Bacterial genomics DNA extraction and polymerase chain reactions
----------------------------------------------------------------

Bacterial genomic DNA was extracted using the Wizard^®^ Genomic DNA Purification Kit (Promega, Madison, WI, USA) and following the manufacturer's instructions. Plasmid DNA was separated with the Dokdo-Prep^TM^ Plasmid Mini-Prep Kit (Elpis-Biotech, Daejeon, South Korea). The concentration and the quality of the extracted DNA were assessed using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Polymerase chain reaction (PCR) was performed using Pfu-X DNA Polymerase (Solgent, Daejeon, South Korea) or Taq polymerase (TaKaRa, Kusatsushi, Japan). The PCR mixture and reaction conditions were maintained according to the manufacturer's instructions using a Sure Cycler 8800 Thermal cycler (Agilent Technologies, Santa Clara, CA, USA). The list of primers and their targets used in this study are shown in [Table 2](#t2-ppj-34-412){ref-type="table"}.

Generation of mutant and complementation strains
------------------------------------------------

For the construction of the mutant strains, standard general procedures for recombinant DNA construction were followed ([@b34-ppj-34-412]). To generate the insertion mutant strain HFQ1, the target *hfq*1-like gene of *B. glumae* BGR1 was disrupted by insertion mutagenesis using the recombinant suicide vector pVIK112 ([@b16-ppj-34-412]).

The target gene was amplified by PCR using the corresponding primers ([Table 2](#t2-ppj-34-412){ref-type="table"}). To ligate the amplified fragment into the suicide vector pVIK112, the active sites of restriction enzymes (*Eco*RI and *Kpn*I) were inserted in the interior region of PCR primers of the target genes. PCR fragments and pVIK112 were digested using restriction enzymes, and ligated by T4 DNA ligase. *Escherichia coli* DH5α λ*pir* competent cells were transformed with pVIK112 plasmid, and grown in LB medium containing kanamycin (50 μg/ml). Plasmid DNA was extracted from the transformants, and restriction enzyme digestion followed by gel electrophoresis were performed to confirm the correct ligation. Following confirmation, the assembled recombinant plasmids were again introduced into *E. coli* S17-1 λ*pir* competent cells. The recombinant plasmid was introduced into *B. glumae* BGR1 by biparental mating. To properly select transformant *B. glumae* BGR1 cells, mated cells were grown on a plate with two antibiotics (kanamycin, 100 μg/ml; rifampicin, 100 μg/ml), and the selected cells were verified by PCR using an internal sequence of the pVIIK112 vector and an upstream sequence of the target gene as primers ([Table 2](#t2-ppj-34-412){ref-type="table"}).

For the construction of the deletion mutant HFQ2 strain, two DNA fragments of the target *hfq*2-like gene upstream region (L fragment) and downstream region (R fragment) were amplified by PCR using the corresponding primers ([Table 2](#t2-ppj-34-412){ref-type="table"}). The two fragments were then cleaved by *Bam*HI, then ligated and amplified. The amplified PCR product and the pK18mobsacB suicide vector were digested by restriction enzymes (*Eco*RI and *Hind*III) and ligated. The recombinant plasmids were introduced into *E. coli* DH5α λpir competent cells and the transformants were cultured in LB medium with 30 μg/ml of kanamycin. To introduce the recombinant plasmids into *B. glumae*, the wild-type BGR1 (recipient strain) and *E. coli* S17-1 (donor strain) harboring identical recombinant plasmids were conjugated by biparental mating. Transformant cells were selected after incubation in LB broth containing 60 μg/ml of kanamycin and 100 μg/ml of rifampicin; transformation was confirmed by PCR using the corresponding primers ([Table 2](#t2-ppj-34-412){ref-type="table"}). Transformant cells were subsequently subcultured in fresh LB medium with 50 μg/ml of rifampicin and then incubated in LB medium containing 30% sucrose (w/v). As a result of double crossover recombination events, an in-frame deletion mutant strain was obtained.

For the construction of the double mutant defective in two *hfq* genes, HFQ12, the same methodology as for the construction of the HFQ2 deletion mutant was followed, along with the procedures of disruptive insertion within the *hfq*1-like gene on the resultant strain.

Construction of complementation strains
---------------------------------------

To generate constructs for complementation of the HFQ1, HFQ2, and HFQ12 strains, the whole open reading frame (ORF) of each gene was amplified by PCR using the corresponding primers listed in [Table 2](#t2-ppj-34-412){ref-type="table"}. The obtained fragments were cloned into the expression vector pRK415, and the cloned vectors were transformed by conjugation as explained above. The resultant strains from these steps were verified by PCR.

Total RNA extraction and RT-PCR
-------------------------------

The wild-type *B. glumae* BGR1 and mutant strains were cultured overnight in 2 ml of μB broth at 37°C with shaking, and then subcultured for 10 or 24 h under the same conditions. Total bacterial RNA from each strain was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Residual genomic DNA was removed by performing on-column RNase-free DNase digestion following the manufacturer's instructions (Qiagen, Hilden, Germany). Concentration and quality of the extracted RNA were assessed using a NanoDrop ND-2000 spectrophotometer. To confirm the gene expression, 500 ng of extracted RNA was reverse transcribed with random hexamer primers using the SuperiorScript III cDNA synthesis kit (Enzynomics, Daejeon, South Korea). The cDNA was used as template for RT-PCR analysis using the primers listed in [Table 2](#t2-ppj-34-412){ref-type="table"}.

Phenotypic analysis
-------------------

### Growth rate, swarming motility and toxoflavin production

To compare the growth rate of the tested mutants (HFQ1, HFQ2 and HFQ12), complemented strains (HFQ1C, HFQ2C and HFQ12C) and wild-type *B. glumae* BGR1, strains were cultured as described above and after inoculation into fresh LB broth, the growth rate was monitored by measuring optical density (OD~600~) values on intervals.

Phenotypic characteristics associated with virulence were compared between the resultant mutant strains and the wild-type *B. glumae* BGR1. Swarming motility was previously confirmed to be absent in the quorum sensing (QS)-defective mutant, *B. gluma*e BGS2 (*tofI*::Ω mutant strain), and therefore, it served as negative control in this assay ([@b18-ppj-34-412]). Swarming motility assays were conducted on LB supplemented with 0.4% (w/v) agar plates. Bacterial strains were cultured on LB broth, as explained above, and cells were harvested from 1 ml of overnight culture by centrifugation at 13,500 rpm for 1 min. Harvested cells were washed twice and suspended in 100 μl of fresh LB broth. From the suspension, 5 μl were spotted on the assay plates and incubated for 24 h at 37°C.

Production of toxoflavin was detected using thin-layer chromatography (TLC) assay ([@b20-ppj-34-412]). Briefly, 1 ml from the cultures of each strain was centrifuged at 13,500 rpm for 1 min, and 500 μl from the supernatant were transferred into new tubes and mixed thoroughly with same volume of chloroform. The mixture was centrifuged at 13,500 rpm for 10 min; 450 μl of infranatant were transferred into a new tube and concentrated with a centrifugal vaporizer (EYELA, Tokyo, Japan). The solutes were then dissolved in 10 μl of 80% methanol, and 1 μl was spotted onto TLC silica gel plate (Merck Millipore, Darmstadt, Germany). The latter step was repeated 10 times and the plates were placed into the developing chamber with 95:5 chloroform:methanol solvent system. Produced toxoflavin was observed as visible bands on the TLC plates using 3UV™ Multi-Wavelength lamps (UVP, Upland, CA, USA).

Pathogenicity test for the assessment of virulence in rice plants
-----------------------------------------------------------------

Rice (*Oryza sativa* L. var. glutinosa Blanco) grown under greenhouse conditions at flowering stage was used for testing the virulence of the wild-type *B. glumae* (BGR1) and related mutant strains (HFQ1, HFQ2, HFQ12, HFQ1C, HFQ2C, and HFQ12C). Briefly, rice heads were dipped for 1 min into suspensions (OD~600~ = 1.0) of the tested strains, prepared as explained previously and diluted in distilled water (DW). One week after inoculation, disease severity was assessed on rice panicles according to the following scale: 0, clear (no discoloration); 1, 0--20% discolored; 2, 20--40% discolored; 3, 40--60% discolored; 4, 40--80% discolored; 5, 80--100% discolored. Disease severity for each replicate was calculated based on the number of diseased grains per rice head using the following formula: Disease severity = Σ (number of seeds at each ratio × ratio value) / the total number of seeds. Three replicates for each treatment were used, and rice treated with DW served as negative control.

Siderophore production, H~2~O~2~ sensitivity, and lipase activity assays
------------------------------------------------------------------------

Siderophore production by the tested strains was assessed on Chrome azurol S (CAS)-blue agar plate ([@b1-ppj-34-412]; [@b36-ppj-34-412]). Briefly, 10 μl of bacterial culture (OD~600~ = 1.0) were inoculated into holes punched on CAS-blue plates and incubated at 37°C for 2 days. Siderophore production was detected by a color change from blue to orange around the boundaries of bacterial spots. Three replicates were used per treatment and a non-siderophore producing *Bacillus* sp. was used as negative control.

The assay for hydrogen peroxide (H~2~O~2~) sensitivity was conducted using an H~2~O~2~ disk diffusion assay as described by [@b19-ppj-34-412]. Briefly, overnight cultures of tested strains grown on LB broth were seeded into autoclaved and cooled LB agar for a final OD~600~ = 0.5, and then they were evenly spread in petri dishes. Sterile disks were soaked in 30% H~2~O~2~ solution and placed on top of the bacterial agar plates. The treated plates were incubated at 37°C for 1 day, and clear zones reflecting the sensitivity of the bacterial strains to H~2~O~2~ were photographed and measured.

The lipase activity assay was performed using precipitation test on T80 agar plates according to the method described by [@b29-ppj-34-412]. First, 10 μl of bacterial culture (OD~600~ = 1.0) were inoculated onto holes punched on LB agar plates containing 1% tween 80 (v/v) and 0.01% CaCl~2~ (w/v), and incubated for 2 days at 37°C. Lipase activity was then assessed by observing the white zones surrounding bacterial spots, which are indicative of lipase production capacity.

Statistical analysis
--------------------

Data statistical analysis was performed using the Statistical Analysis Systems (SAS Institute, Cary, NC). All experiments were conducted twice with three replicates. In order to perform comparisons on disease severity and biochemical tests results, analysis of variance was performed using the GLM procedures, and the means were separated using Tukey's honest significant difference test at *P* \< 0.05.

Results
=======

Location and sequence analysis of two distinct *hfq* genes in *B. glumae* BGR1
------------------------------------------------------------------------------

The two target *hfq* genes in *B. glumae* BGR1 were localized and analyzed before conducting the experiments. The two copies of *hfq* genes present in *B. glumae* were located in chromosome 1, *bglu_1g14550* (*hfq*1 gene) and *bglu_1g19700* (*hfq*2 gene); the length of *hfq*1 gene was 255 nt, compared with the 555 nt sequence length of the *hfq*2 gene ([Supplementary Fig. 1](#s1-ppj-34-412){ref-type="supplementary-material"}). The *hfq*1 gene in *B. glumae* was found to be highly conserved in comparison with other bacterial species such as *E coli*, *Pseudomonas aeruginosa*, *Salmonella typhimurium*, *Bacillus cereus*, and *Burkholderia cenocepacia*. In contrast, the *hfq*2 gene was found to be completely different in length. Moreover, the C-terminal part of the Hfq protein was much longer in *B. glumae* than in other bacteria ([Supplementary Fig. 1](#s1-ppj-34-412){ref-type="supplementary-material"}).

Construction and verification of *B. glumae* BGR1 mutant strains
----------------------------------------------------------------

To study the functions of two *hfq* genes in *B. glumae* BGR1, a mutant for each of the two *hfq* genes and a double defective mutant were generated. The defective *hfq*1 gene (*bglu_1g14550*) was verified by PCR, targeting the upstream sequence of the target gene, and an inner sequence of the pVIK112 vector. As a result, a clear band was observed in the HFQ1 mutant, but not in *B. glumae* BGR1 ([Fig. 1A](#f1-ppj-34-412){ref-type="fig"}). The in-frame mutation of the *hfq*2 gene (*bglu_1g19700*) was verified through PCR, targeting the specific upstream and downstream sequences of the target genes. The results indicate that 445 bp, within the target gene were deleted from HFQ2 compared with the wild-type *B. glumae* BGR1 ([Fig. 1A](#f1-ppj-34-412){ref-type="fig"}). Moreover, the mutations of the respective gene in each mutant, and of both genes in the double defective mutant strain were verified by the RT-PCR ([Fig. 1B](#f1-ppj-34-412){ref-type="fig"}).

Comparative assessment of bacterial growth and major virulence factors in *B. glumae* BGR1 mutant strains
---------------------------------------------------------------------------------------------------------

By observing the growth rates of the tested strains, the *hfq*1 defective mutant (HFQ1) and the double defective mutant (HFQ12) showed clear retarded growth in comparison to the wild-type *B. glumae* BGR1. The *hfq*2 defective mutant (HFQ2) growth rate did not differ from the wild-type *B. glumae* BGR1. The complemented strains evidenced partial recovery of normal bacterial growth rate ([Supplementary Fig. 2](#s1-ppj-34-412){ref-type="supplementary-material"}).

Compared with the wild-type *B. glumae* BGR1; swarming activity was clearly reduced in the mutant strains HFQ1, HFQ2 and HFQ12. In particular, the double defective mutant HFQ12 (*hfq*1::Ω Δ*hfq*2) showed no swarming motility, similar to the negative control *B. glumae* BGS2 (*tofI*::Ω). The HFQ1 mutant strain showed more reduction in swarming motility compared with the HFQ2 mutant. Furthermore, swarming motility was almost fully recovered in the complementation mutant strains HFQ1C, HFQ2C, and HFQ12C ([Fig. 2](#f2-ppj-34-412){ref-type="fig"}). The clear reduction in swarming motility in *hfq*1 deficient mutants suggests a major role of this gene in the regulation of swarming motility in *B. glumae*.

The other main virulence factor tested was the ability of the strains to produce toxoflavin. When the toxoflavin production by mutant strains was compared with the wild-type BGR1 using the TLC assay, no spots were observed either in the HFQ1 mutant or in the double defective mutant HFQ12, indicating the loss of toxoflavin production. However, clear spots were observed in the wild-type and in the HFQ2 mutant. Pale spots were observed in the complementation strains, indicating a partial recovery of toxoflavin production. No spots were observed in the negative control QS-defective mutant BGS2 ([Fig. 3](#f3-ppj-34-412){ref-type="fig"}). This result suggests that *hfq*1, but not *hfq*2, plays a major role in the regulation of toxoflavin production.

*In vivo* virulence of *B. glumae* BGR1 mutant strains in rice
--------------------------------------------------------------

The above-mentioned results clearly indicate that *hfq*1 gene is important for the regulation of swarming motility sand toxoflavin production, which are the main virulence factors in *B. glumae*. In consistence with such results, rice plants inoculated with HFQ1 and HFQ12 exhibited a significant reduction in disease severity compared with the wild-type BGR1 ([Fig. 4](#f4-ppj-34-412){ref-type="fig"}). While rice inoculated with HFQ2 strain exhibited only a partial reduction in disease severity in comparison with the wild-type BGR1, it was also evident that the complementation strains HFQ1C and HFG12C recovered significantly more virulence than the mutant strains ([Fig. 4](#f4-ppj-34-412){ref-type="fig"}).

Evaluation of various biochemical activities of *B. glumae* BGR1 mutant strains
-------------------------------------------------------------------------------

To study the effect of the two targeted *hfq* genes on various biochemical activities that are crucial for survival and stress resistance, the mutant strains were compared with the wild type *B. glumae* BGR1 in their ability to produce siderophores and in their sensitivity to H~2~O~2~. Lipase activity was also a parameter for comparison.

When the bacterial strains were tested using the siderophore assay, the wild-type *B. glumae* BGR1, as well as the QS-defective mutant BGS2, evidenced the production of siderophore, as indicated by the change in the color of CAS-blue agar plates, from blue to orange, around the bacterial growth ([Fig. 5A](#f5-ppj-34-412){ref-type="fig"}). The *hfq*1 gene defective mutant HFQ1 as well as the double defective strain HFQ12 exhibited a clear reduction in the ability to produce siderophore, as observed in ([Fig. 5A](#f5-ppj-34-412){ref-type="fig"}), and this was further confirmed by assessment of the siderophore activity zones, which were found to be significantly reduced in comparison with other treatments ([Fig. 5B](#f5-ppj-34-412){ref-type="fig"}). The complementation strains partially recovered the siderophore production ability. No color change was observed in the negative control *Bacillus* sp. These results indicate the importance of the *hfq*1 gene in the regulation of siderophore production by *B. glumae*.

The sensitivity of the mutant strains and the wild-type *B. glumae* BGR1 to H~2~O~2~ treatment was tested using an H~2~O~2~ disk diffusion assay. Observation of the resulting clear zones around the H~2~O~2~ disks ([Fig. 6A](#f6-ppj-34-412){ref-type="fig"}) indicated that the *hfq*1 defective mutant HFQ1 and the double defective mutant HFQ12 were less tolerant to H~2~O~2~ oxidative stress than the wild-type *B. glumae* BGR1. Assessment of the clear zone around the H~2~O~2~ disk confirmed the earlier observation that the HFQ1 and HFQ12, but not HFQ2, strains were more sensitive to H~2~O~2~ than the wild-type BGR1 or the QS-deficient mutant BGS2 ([Fig. 6B](#f6-ppj-34-412){ref-type="fig"}). Similar to the previous assays, the complemented strains were found to partially recover H~2~O~2~ resistance, which indicates the role of the *hfq*1-like gene in the regulation of catalase and/or peroxidase activity and in tolerance to H~2~O~2~.

As for the lipase activity assay, white precipitate zones were observed along the boundaries in all tested strains except for the QS-defective mutant BGS2. There were no apparent differences in the lipase activity between the mutant strains constructed in this study and the wild-type *B. glumae* BGR1, which suggests that the two *hfq* genes tested have no influence on lipase production in *B. glumae* BGR1 ([Supplementary Fig. 3](#s1-ppj-34-412){ref-type="supplementary-material"}).

Discussion
==========

Noncoding regulatory sRNAs play a key role in facilitating the response of bacteria to environmental fluctuations by modulating the stability of the post-transcriptional regulation of specific target mRNA transcripts, and by adjusting translational efficiency ([@b9-ppj-34-412]). The activation and stability of sRNAs are mainly controlled by the RNA chaperone Hfq protein ([@b21-ppj-34-412]). The roles and functions of Hfq have been studied in several bacterial species, and particularly in gram-negative bacteria such as *E. coli* ([@b47-ppj-34-412]), *S. typhimurium* ([@b23-ppj-34-412]; [@b37-ppj-34-412]), and *P. aeruginosa* ([@b40-ppj-34-412]; [@b42-ppj-34-412]). The functions of the *hfq* gene have been evaluated through phenomenological experiments; knock-out of the *hfq* gene and by testing the mutants using basic phenotypic assays such as estimation of growth rate, observation of cellular morphology, changes in virulence, and resistance to stress conditions ([@b2-ppj-34-412]; [@b8-ppj-34-412]; [@b44-ppj-34-412]; [@b49-ppj-34-412]). In some bacterial species such as *Magnetospirillum magnetotacticum*, *Novosphingobium aromaticivorans,* and *Burkholderia* genus, more than one copy of the *hfq* gene exist ([@b32-ppj-34-412]). However, only few studies were conducted on the functions and characterization of the two distinct *hfq* genes. In *B. cepacia*, the two Hfq proteins, Hfq and Hfq2, were reported to be essential for optimal survival in stress conditions and for full virulence ([@b30-ppj-34-412]; [@b44-ppj-34-412]). In the current study, the functions of two *hfq* genes in *B. glumae* were studied, and their roles in the regulation of virulence-related and other biochemical factors were investigated.

Two mutants targeting both the *hfq1* and *hfq2* genes, as well as a double defective mutant, were constructed and tested in the presence of the wild type *B. glumae* BGR1, and the complementation strains. Retarded growth rate was observed in the *hfq*1 mutant (HFQ1), which was consistent with several other studies suggesting that Hfq is an essential component for cell growth ([@b38-ppj-34-412]). However, unlike HFQ1, the *hfq*2 defective mutant (HFQ2) didn't show alteration in the bacterial growth compared the wild-type *B. glumae* BGR1. As observed with other phenotypic characteristics in this study, the double mutant HFQ12 has shown further reduction in the bacterial growth rate, indicating possible accumulative effect of both genes. The *hfq*1 gene was also shown to be more important than *hfq*2 for the regulation of virulence-related characters such as swarming motility and toxoflavin production. This was confirmed by the observation of a significant reduction of disease severity in rice plants inoculated with the HFQ1 mutant compared with HFQ2. Swarming motility with polar flagella and toxoflavin production are crucial virulence factors regulated by quorum sensing in *B. glumae* ([@b17-ppj-34-412]; [@b18-ppj-34-412]). Both studied genes exhibited an accumulative effect, as observed from the phenotypic assays in which the double defective mutant clearly evidenced more alterations of the phenotype. The *hfq*2 may have a role in assisting *hfq*1 in the display of full virulence, since the double defective mutant in both genes showed an almost complete loss of motility, toxoflavin production, and bacterial virulence in rice. In a previous study, a differential expression was found between the *hfq* and *hfq*2 genes. In that study, the maximal transcription of *hfq* was found at the early exponential phase, while for *hfq*2 the maximal transcription of *hfq* was found at the stationary phase of bacterial growth. Both genes were found to be involved in full virulence and stress tolerance ([@b30-ppj-34-412]). A recent study pointed out that the functionality of the *hfq*2 gene is affected by the sRNA h2cR in *B. cenocepacia* ([@b31-ppj-34-412]). The involvement of the two *hfq* genes in virulence reported in this study is consistent with other previous studies reporting reduced virulence of *hfq* mutant bacterial strains. Deletion of *hfq* in *E. amylovora* significantly reduced bacterial virulence in apple and pear fruits via the regulatory roles of Hfq on amylovoran exopolysaccharide production, biofilm formation, motility, and the type III secretion system ([@b51-ppj-34-412]). Unlike most of the reported results on the effect of *hfq* on bacterial virulence and various altered phenotypes, a contrary finding was reported in *Staphylococcus aureus* strains, in which *hfq* mutations did not result in any detected phenotypic alteration ([@b3-ppj-34-412]).

Similar to the previous assays, the siderophore detection assay and the H~2~O~2~ sensitivity test showed a similar trend indicating that *hfq*1 is more influential than *hfq*2. Likewise, in a previous study, the Hfq protein was found to be essential for normal siderophore production and to contribute to the tolerance to oxidative stress by H~2~O~2~ ([@b39-ppj-34-412]). The altered phenotypes of the mutant strains could be related to the ribo-regulation activity of Hfq in association with sRNA, thus controlling the gene expression involved in motility, production of toxoflavin and siderophore, and tolerance to H~2~O~2~ oxidative stress. Previously, three copies of Hfq RNA chaperones were identified in *B. anthracis*, and their functional and regulatory properties were characterized. From this, an RNA chaperoning activity was proposed for two Hfq proteins ([@b28-ppj-34-412]) Contrary to the phenotypic activity that seemed to be affected by mutations of the *hfq* genes, our results indicate no apparent roles of the two tested *hfq* genes on lipase production activity.

Although several aspects on the molecular mechanism remain not well-understood, previous studies have identified various sRNAs that associate with Hfq and their regulatory functions on target genes ([@b38-ppj-34-412]). Using electrophoretic mobility shift assays, *rpoS* mRNA was found to form complexes with DsrA sRNA and Hfq ([@b43-ppj-34-412]). [@b33-ppj-34-412] reported that the possibility of simultaneous binding of the mRNA *fhlA* and the sRNA OxyS to Hfq. The OxyS is a regulatory RNA that affects the expression of multiple genes and is expressed in response to oxidative stress. The Hfq was also found to promote the binding of several other sRNAs such as LhrA, LhrB, LhrC, RprA, Spot42, and RyhB to specific mRNAs ([@b38-ppj-34-412]; [@b5-ppj-34-412]). Further future work is needed for characterization of the mechanisms and identification of the functional sRNAs involved in the gene regulation responsible for the pleiotropic phenotypic alterations related to virulence and stress tolerance observed in the current study.

Taken together, the present study revealed the functions of two *hfq* genes in *B glumae* that had not been studied previously. The results indicate that the two studied *hfq* genes are required for full virulence of *B. glumae* BGR1 in rice, and that the *hfq*1 gene has a more apparent influence on bacterial motility and toxoflavin production than *hfq*2. Additionally, the *hfq*1 gene was shown to be involved in siderophore production and in the tolerance to H~2~O~2~ oxidative stress. Finally, the two *hfq* genes are most likely unrelated to lipase production in *B. glumae*. Results of the current study and other similar studies will advance our understanding of the essential factors involved in the regulation of *B. glumae* virulence, paving the way for implementing successful disease control measures.
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![Construction and confirmation of the mutant strains deficient in two *hfq* genes. (A) Agarose gel electrophoresis from the PCR assays for confirmation of the transformation of the two *hfq* genes. The transformed pVIK112 vector with the insertion of an *hfq*1-like gene was missing in the wild-type *Burkholderia glumae* BGR1, and confirmed in the HFQ1 mutant strain, and the 445 bp within the *hfq*2-like gene was absent in the HFQ2 deletion strain, in comparison with wild-type *B. glumae* BGR1. M, 100 bp DNA ladder (B) Agarose gel electrophoresis from RT-PCR was performed for confirmation of the two *hfq* gene-expression in wild-type *B. glumae* BGR1 and deficient mutant strains HFQ1, HFQ2, and HFQ12. M, 100 bp DNA ladder; C, B. *glumae* BGR1 genomic DNA.](ppj-34-412f1){#f1-ppj-34-412}

![Photographs of the swarming motility of wild-type *Burkholderia glumae* (BGR1), as well as of mutant strains deficient in one or two *hfq* genes (HFQ1, HFQ2, and HFQ12), and *hfq* complementation strains (HFQ1C, HFQ2C, and HFQ12C). Quorum sensing (QS)-deficient strains (BGS2) were used as negative controls, Bacterial strains were spotted on Luria-Bertani supplemented with 0.4% agar and incubated for 1 day at 37°C.](ppj-34-412f2){#f2-ppj-34-412}

![Thin-layer chromatography (TLC) assay was performed to assess toxoflavin production in the wild-type *Burkholderia glumae* (BGR1), as well as in the strains deficient in one or two *hfq* genes, and the complementation strains (HFQ1, HFQ1C, HFQ2, HFQ2C, HFQ12, and HFQ12C). Quorum sensing (QS)-deficient strains (BGS2) were used as negative control. Produced toxoflavin was observed as black dots on a TLC silica gel plate examined under UV light at 254 nm.](ppj-34-412f3){#f3-ppj-34-412}

![Disease severity in rice plants 7 days after inoculation by wild-type *Burkholderia glumae* (BGR1) and by strains deficient in one or two *hfq* genes, and the complementation strains (HFQ1, HFQ1C, HFQ2, HFQ2C, HFQ12, and HFQ12C). Distilled water (DW) was used as negative control. (A) Photograph showing the difference in virulence between the treatments. (B) Histogram showing the disease severity results in inoculated rice plants. Different letters on the error bars (Standard deviations, n = 3) indicate significant differences between the treatments, according to Tukey's honest significant difference test at *P* \< 0.05.](ppj-34-412f4){#f4-ppj-34-412}

![Siderophore production by the wild-type *Burkholderia glumae* (BGR1), and by strains deficient in one or two hfq genes, the complementation strains (HFQ1, HFQ1C, HFQ2, HFQ2C, HFQ12, and HFQ12C), and the quorum sensing (QS)-deficient strains (BGS2). *Bacillus* sp. was used as negative control. Bacterial strains were grown on chrome azurol S (CAS)-blue medium for 2 days at 37°C, and siderophore production was confirmed by the color change indicative of siderophores binding with ferric ion (A) Photographs showing the change in color of CAS plates. (B) Histogram showing the results of the siderophore detection assay. Measured diameters of the color change induced in the CAS medium by each of the strains used in the study. Different letters on the error bars (Standard deviations, n = 3) indicate significant difference between the treatments, according to Tukey's honest significant difference test at *P* \< 0.05.](ppj-34-412f5){#f5-ppj-34-412}

![Hydrogen peroxide (H~2~O~2~) sensitivity assay. (A) Photographs of the bacterial culture plates 1 day after incubation at 37°C showing a clear halo corresponding to inhibition zones of bacterial growth around the H~2~O~2~ disks, indicating bacterial sensitivity to H~2~O~2~. (B) Histogram showing the results of the H~2~O~2~ disk assay. Measured diameters of the inhibition zones around the H~2~O~2~ disks. Different letters on the error bars (Standard deviations, n = 3) indicate significant differences between the treatments, according to Tukey's honest significant difference test at *P* \< 0.05.](ppj-34-412f6){#f6-ppj-34-412}

###### 

Bacterial strains and plasmids

  Strain or plasmid   Characteristics                                             References
  ------------------- ----------------------------------------------------------- ---------------------
  *B. glumae*                                                                     
   BGR1               Wild-type, Rif                                              ([@b15-ppj-34-412])
   BGS2               BGR1 *tofI*::Ω                                              ([@b17-ppj-34-412])
   HFQ1               BGR1 *hfq*1::Ω                                              This study
   HFQ2               BGR1 Δ*hfq*2                                                This study
   HFQ12              BGR1 *hfq*1::Ω Δ*hfq*2                                      This study
   HFQ1C              HFQ1 harboring pRK_H1                                       This study
   HFQ2C              HFQ2 harboring pRK_H2                                       This study
   HFQ12C             HFQ12 harboring pRK_H12                                     This study
  *E. coli*                                                                       
   DH5α λpir          For cloning and replication of plasmids                     Lab collection
   S17-1 λpir         For transferring cloning plasmids to recipient cells        Lab collection
  Plasmids                                                                        
   pK18*mobsacB*      Allelic exchange suicide vector, *sacB*, Km                 
   pVIK112            R6K suicide vector, lacZY for transcriptional fusions, Km   
   pRK415             Broad host range expression vector, Tet                     
   pVIK_Hfq1          pVIK112 vector cloning internal region of *hfq*1            This study
   pK18_Hfq2          pK18*mobsacB* vector cloning LR fragment of *hfq*2          This study
   pRK_H1             pRK415 vector including *hfq*1 gene                         This study
   pRK_H2             pRK415 vector including *hfq*2 gene                         This study
   pRK_H12            pRK415 vector including *hfq*1 and *hfq*2 gene              This study

###### 

Primers used in this study

  Purpose                                Primer name        Sequence (5' to 3')
  -------------------------------------- ------------------ ---------------------------------------------------
  Amplifying internal region of *hfq*1   Hfq1_F             **AAAA**[**GAATTC**]{.ul}**GGAGTACGCCATGAGCAACA**
  Amplifying internal region of *hfq*1   Hfq1_R             **AAAA**[**GGTACC**]{.ul}**GGAGCAACACGACGTACTGG**
  Confirming vectors and mutants         Lacfuse_R          **GGGGATGTGCTGCAAGGCG**
  Confirming for mutants                 Hfq1_Up_F          **TAGTGTAGCGATTGACGGCG**
  Amplifying L fragment of *hfq*2        Hfq2 \_LF          **AAAA**[**GAATTC**]{.ul}**TTTTCTCGGGTCACATCCGC**
  Amplifying L fragment of *hfq*2        Hfq2 \_LR          **AAA**[**GGATCC**]{.ul}**CATTGAGAAGCGGCTTGAGC**
  Amplifying R fragment of *hfq*2        Hfq2 \_RF          **AAA**[**GGATCC**]{.ul}**AATCGCACGAAGGCGTCTC**
  Amplifying R fragment of *hfq*2        Hfq2 \_RR          **AAA**[**AAGCTT**]{.ul}**GAAACGCGGATGTGAAGACG**
  Confirming for mutants                 Hfq2_Gene_Up_F     **GACCCGAAGAACCCCGACTA**
  Confirming for mutants                 Hfq2_Gene_Down_R   **CCAGAAGGCACAGACGGACC**
  Confirming for mutants                 pk18_Down_R        **GTGAAGCTAGCTTATCGCCAT**
  RT-PCR                                 RT_Hfq1_F3         **CGATTGACGGCGGATCTCTT**
  RT-PCR                                 RT\_ Hfq1_R2       **TTAGGAGGACGCGCCTTCCG**
  RT-PCR                                 RT\_ Hfq2_F2       **ATGGCCAATCCTGCAGAATCC**
  RT-PCR                                 RT\_ Hfq2_R2       **TTACTCGTTGCTGCCGCCGG**
  Amplifying *hfq*1 to add in pRK415     C\_ P2-F           **AAA**[**AAGCTT**]{.ul}**CGGCAATCAGGATTCGCATG**
  Amplifying *hfq*1 to add in pRK415     C\_ P2-R           **AA**[**GGTACC**]{.ul}**GAATCGTCCTTTGCTATGATGA**
  Amplifying *hfq*1 to add in pRK415     C_kpn1_Hfq1_F      **AA**[**GGTACC**]{.ul}**ATGGAGTACGCCATGAGCAA**
  Amplifying *hfq*1 to add in pRK415     C_BamH1_Hfq1_R     **AAA**[**GGATCC**]{.ul}**GATAAGGCGGCTGGCGTGGA**
  Amplifying *hfq*2 to add in pRK415     C_EcoR1_Hfq2_F     **AAAA**[**GAATTC**]{.ul}**GTTTTCTCGGGTCACATCCG**
  Amplifying *hfq*2 to add in pRK415     C_BamH1_Hfq2_R     **AAA**[**GGATCC**]{.ul}**AGATGCAGGTCCAGTCGCT**

[^1]: These authors contributed equally to this work.

[^2]: ***Handling Associate Editor:*** Sohn, Kee Hoon
